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CHAPTER 2
TECHNOLOGY DESCRI PTI ON AND UNDERLYI NG PHYSI CAL PROCESS
2-1. Introduction. This section provides an overview of air sparging,

descri bes various applications of the technol ogy, and di scusses the underlying
physi cal processes that occur during |AS.

2-2. Overview of Air Sparging.

a. Air sparging is the process of injecting air into the saturated
subsurface to treat contam nated soil and groundwater. Air sparging
mechani sns i nclude partitioning of volatile contam nants fromthe aqueous
phase to the vapor phase (stripping), for their subsequent transfer to and
renoval fromthe unsaturated zone; and, transfer of oxygen fromthe injected
air to the aqueous phase to enhance aerobic mcrobial degradation of
contam nants in the saturated zone, termed biosparging. Air sparging may be
used to:

(1) Treat saturated zone contanmination in a source area (although its
ef fectiveness in renedi ati ng non-aqueous phase |iquids (NAPL) is as yet a
matter of considerable debate, especially with respect to dense NAPL ( DNAPL);

(2) Treat dissolved phase contamination in a plune;
(3) Contain a dissol ved-phase plune; and/or
(4) Immobilize contam nants through chenical changes.

These diverse applications are addressed, in turn, in the follow ng four
par agr aphs.

b. Treat Saturated Zone in a Source Area.

(1) Saturated zone contam nation exists at nmany | ocations where fue
hydr ocarbons or organic solvents have been rel eased into the subsurface. Such
"source" areas contain contaninants dissolved in the aqueous phase, and al so
typically contain NAPL. G oundwater punp-and-treat, which until recently was
often relied upon to treat such saturated zone contaminants, is a very sl ow
renmedi ati on process and has been judged as having met with little success
except as a containment tool (NRC 1994). Wth the dawning of this
recognition, attention turned to alternative technol ogies. Although air-based
renmedi ati on technol ogi es such as SVE and BV gai ned favor for treatnment of
unsat urated zone contanination, they do not apply to the saturated zone. |AS,
however, is an air-based technology that is neant to be applied within the
saturated zone. The view was wi dely expressed by early practitioners that |AS
can achieve site closure —inplying treatnent of both dissol ved- phase and non-
aqueous phase contaminants if present —nmuch nore rapidly than punp-and-treat
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(Brown and Fraxedas 1991; Marley 1992; Angell 1992). As npbre experience was
gl eaned from applying I AS at nunmerous sites, these and other practitioners
have tended to adopt a somewhat nore circunspect view, especially with respect
to its effectiveness in treating NAPL in the saturated zone and the capillary
fringe.

(2) A secondary effect of applying IAS in a source area is that the
resulting reduction in hydraulic conductivity in the source area reduces the
rate at which groundwater flows through that area, thereby reducing the rate
at which contaminants mgrate fromthe source area, which in turn reduces the
rate at which a downgradient plume is supplied with contam nants.

c. Treat Dissolved Phase in a Plume Area. Another conmon application
of IAS is for the treatnent of dissolved phase contam nation in a plune,
downgr adi ent of source areas. Configurations used for aqueous-phase treatnment
include the installation of an array of air sparging points, spaced so that
each individual ZO overlaps. Wen the source is a release of |ight non-
aqueous phase liquid (LNAPL) (e.g., gasoline, fuel oil), the dissolved plune
is often primarily situated near the water table surface of an unconfined
aquifer. In such cases |AS points can be conveniently |located just bel ow the
plume to obtain the desired coverage. 1In a survey of 32 | AS case studies,
Bass and Brown (1996) concluded that performance of | AS systenms was generally
better in systens treating dissol ved-phase plumes than in systens treating
adsor bed cont am nants.

d. Contain a Dissol ved Phase Pl une.

(1) A third type of application of 1ASis to effect contai nment of a
di ssol ved- phase plume. A series of sparge points with overl appi ng zones of
i nfl uence can be arrayed along a |line perpendicular to the plune axis and
within or just downgradi ent of the |eading edge of the plune, so as to
intercept it (e.g., Wade 1996; Payne et al. 1996). This approach can al so be
i ncorporated within a funnel -and-gate configuration (Pankow et al. 1993), in a
manner simlar to the placenent of a perneable barrier or reactive wall,
al t hough use of inpernmeable funneling barriers such as sheet walls are not
necessarily required with sparge curtains. The objective of this approach is
to halt contam nant migration.

(2) Care nust be taken to prevent diversion of a groundwater plune
around a sparge curtain or sparge gate. Such a diversion can occur wth
i mpl enentation of IAS if air saturation values increase within the sparge
zone, causing marked reductions in hydraulic conductivity there. This problem
can be avoided by cycling or pulsing the | AS system as is discussed in
greater detail in paragraph 6-6b. Wth sparging trenches, the use of high
permeability material can offset to some degree the | oss of hydraulic
conductivity due to air saturation.
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(3) See Design CGuidance for Application of Permeable Barriers to
emedi ate Di ssol ved Chlorinated Solvents for information on funnel -and-gate
systens or contact the USEPA Renedi ati on Technol ogi es Devel opnent Forum ( RTDF)
Permeabl e Barriers Working Group through USEPA' s Technol ogy | nnovation Ofice,
401 M Street, S.W, Washington, D.C. 20460.

e. |Imobilize Contani nants through Chenical Changes. A fourth way to
potentially use IAS is to i mopbilize contani nants through chenical changes
(e.g., oxidation of arsenic, its subsequent conplexation with iron hydroxides,
and precipitation). Aeration effects an increase in dissolved oxygen
concentration in the groundwater, and an acconpanying increase in oxidation-
reducti on potential (redox). Consequently, redox reactions can occur at or
near 1AS wells. While iron fouling of the I AS well screen would represent an
adverse result, which would need to be avoided, inmobilization within the
aqui fer of unwanted inorgani c compounds such as heavy netals is a beneficial
al t hough potentially reversible effect (Marley and Hall 1996).

2-3. Air Sparging Technology Options. Air sparging can be perforned by any
of the foll ow ng techniques:

a. Injection into the Saturated Zone. |Injecting air directly into the
saturated zone, terned in-situ air sparging, shall be enphasized in this EM
SVE often acconpanies | AS for the purpose of controlling fugitive em ssions of
the VOCs that are carried to the unsaturated zone by |AS.

b. Vertical or Horizontal Wells. |AS has been performed using
hori zontal sparging and venting wells at numerous sites including at the USDOE
Savannah River Site denonstration (Lonmbard et al. 1994). At the Hastings East
I ndustrial Park, Hastings, NE, USACE Kansas City District enployed a
hori zontal sparging well to intercept a dissolved plume downgradi ent of a
source area, as well as a vertical sparging well within the source area itself
(Siegwald et al. 1996). Horizontal and vertical wells can also be m xed
within a single sparge and vent well field to afford greater control on
injection or extraction rates at various |ocations, and to optim ze costs.

c. Injecting Gases Other than Air. |Injecting gases other than air
(e.g., pure oxygen, ozone, nethane, pure nitrogen, or nitrous oxide) may
enhance the speed at which biorenmedi ati on proceeds or alter the conditions
under which it occurs. The USDOE Savannah River Site denonstration (Lonbard
et al. 1994; Hazen et al. 1994) successfully incorporated injection of gaseous
nutrients to stimulate aerobic nethanotrophic conmetabolic biodegradation of
trichloroethylene (TCE). Methane was injected to serve as a source of carbon
(injected continuously at a level of 1% nmethane in air, or intermittently at
4% met hane in air), along with nitrous oxide (0.07% and triethyl phosphate
(0.007% to serve as gaseous sources of nitrogen and phosphorus, respectively.
Over the period of the nultiyear denonstration, the majority of the estinmated
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contam nant nmass was renoved. An additional discussion of these techniques is
provi ded in paragraph 5-7c.

2-4. Rel ated Technol oqgi es.

a. |ASis related to several other recogni zed renedi ati on technol ogi es,
either as earlier versions or conplinmentary techniques:

(1) The aeration of a well bore or tank is simlar to air stripping for
renoval of VOCs from water, except that the stripping process is conducted
within the well or container instead of in a packaged tower or tray tower.

(2) The introduction of oxygen to the region below the water table is
directly related to in-situ biorenediation. |AS can be an alternative to
ot her means of introducing oxygen into the saturated zone.

(3) The use of air for conveyance of VOCs is related to the process of
SVE, which is often used in the vadose zone above | AS to recover the stripped
VCCs.

b. In-well aeration is a nmethod that introduces air into the |ower
portion of a submerged well pipe, so that air bubbles rise within the pipe,
wi th associ ated vapor-to-liquid and |iquid-to-vapor mass transfer. This
groundwat er circulation well (GCW technol ogy has been ternmed in-well aeration
(Hinchee 1994) and is related to airlift punping. |In its nmobst conmon
configurations, placenment of two screens, one at the bottom of the pipe and a
second at the water table surface, enables aquifer water to be drawn into the
pipe at its lower end and aerated and stripped water to exit at or above the
ambi ent water table (Figure 2-1). Depending on the degree of anisotropy
(i.e., provided the anistropy is not too great), this circulation may create a
wi despread toroidal convection cell within the aquifer (Herrling et al. 1991).
As with IAS, SVE is often enployed to extract and treat the vapors brought
upward within the well pipe. Al of the factors that limt the effectiveness
of pump-and-treat also limt the effectiveness of GCWtechnol ogy. Paragraph
8-3 provides several potential configurations of in-well aeration. Oherw se
this EM focuses on | AS, rather than GCW technol ogy.

c. Pneumatic fracturing, a technique of injecting a high-pressure gas
or liquid into the subsurface to enhance airflow in tighter formations (e.qg.
silt and clay), may not be beneficial to I AS unless fractures can be
controlled so as to be closely spaced. Oherwise, diffusion-limted nass
transfer in |lowperneability strata will linit |IAS effectiveness.

d. Oher enhancenents to | AS have al so been introduced. This EM
attenpts to enconpass a broad view of IAS's potential capabilities and its
[imtations, as currently understood.
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2-5. Summary of Physical Processes.

a. Detailed descriptions of the pneumatics and hydraulics of |AS have
been presented by several authors (e.g., Johnson et al. 1993; Ahlfeld et al
1994); a somewhat abbrevi ated discussion will be offered here. Until about
five years ago, it was commonly assunmed that | AS produces small air bubbles
that rise within the aquifer, which we may think of as “the aquarium nodel ".
[Ilustrations of the aquarium nodel frequently showed a conical distribution
of air bubbles originating at the sparge point and noving upward and outward
to the water table (Brown and Fraxedas 1991; Angell 1992). It has since been
denonstrated in bench-scal e research that bubble flow can occur, but only in
porous nedia having large (> 2mm di aneter) interconnected pores, such as in
deposits consisting entirely of gravels (Ji et al. 1993; Brooks et al. 1996).
In soils, saturated-zone airflow resulting fromair injection occurs in
di screte pore-scale or larger-scale channels, rather than as uniform bubbl es
(Johnson et al. 1993; Ji et al. 1993 ). Figure 2-2 depicts channel flow at
the pore scale, and Figure 2-3 illustrates | arger-scale channels, for the
cases of (a) I AS in honpgeneous sand and, (b) |IAS in heterogeneous sand. This
contenporary view of |AS sees it as a type of nultiphase flow, in which a
conti nuous gaseous phase under pressure displaces the Iiquid phase from
certain pores or categories of pores within the aquifer formation. The
| arger-scal e channel s represent a | ongitudi nal extension of the pore-scale
di spl acenment process, and are npbst apparent when airflow occurs predom nantly
within preferred pathways. |In the case of IAS in uniform unstructured silt
or fine sand, |arge-scale channels will not be evident, although air
di spl acenment at the pore-scale still takes the formof capillary fingering
(Clayton 1996). |In the nore common case of I AS in non-uniformsoil, |arge-
scal e channel s are expected to predoni nate.

b. Both soil stratigraphy and heterogeneity have a profound influence
on air channel location and density. For exanple, laterally continuous, |ow
permeability layers may i nduce air pocket formation beneath confining |ayers
(Figure 2-3). Soil layers characterized by | ow hydraulic conductivities, even
if thin, can have very high entry pressure requirenments and nay permt very
little upward nmovenent of air through the aquifer

2-6. Components of Injection Pressure. Whatever the geonmetry of the

di spl acenment, the injection pressure neasured at the well head required to
acconplish it has several conponents, as will be presented in the follow ng
paragraphs. Note that the friction | oss between well head and screen is only
part of the injection pressure requirements - there is also the loss in the
piping to the well and all the fittings. The foll ow ng paragraphs enphasize
the | oss between the well head and the screen because that is the portion that
affects the injection pressure that can be neasured at the well head.
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Figure 2-3. (a) Schematic drawing of airflow during in situ air sparging in
homogeneous sand. (b) Schematic drawing of airflow during in situ air
sparging in heterogeneous sand.

(Johnson 1994. Reprinted by permission from Air Sparging for Site Remediation
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a. Hydrostatic Pressure. A key conponent of the injection pressure is
the hydrostatic pressure needed to di splace the colum of water standing in
the wel |l pipe,

I:)h = w9 (Zs - ZW) [2'1]

wher e P, is hydrostatic pressure (gmcm?! sec?),

py i S the density (gmcm?3) of the water,

g is gravitational acceleration (cmsec?),

z,1s the pre-sparging depth (cm) to the free-water surface within
t he sparge well

and

z, is the depth (cm) to the top of the IAS well screen

Consi dering that 1.01 x 10° gmcm?! sec'?= 101 kPa = 14.7 psi, and that at

typi cal values of water tenperature and density, 14.7 psi = 33.8 ft. HO it
is useful to note that a hydrostatic pressure of 0.43 psi is required per foot
of water colum, i.e.,

P, =0.43 (z, - z,) [2-2]

for P, expressed in psig and z, and z, in feet. Table 2-1 presents conversions
among various other units of pressure and pressure head.

b. Frictional Losses in Pipe. The second conmponent of the injection
pressure is the headl oss due to friction of fluid nmoving between the well head
and the I AS well screen. Figure 5-6 of EM 1110-1-4001 is a friction |oss
chart (nonograph) for straight pipe for inlet air at 294° K and 101-kPa
absol ute pressure. Although the nmagnitude of friction | oss can be
significant, it may be neglected for typical applications of | AS such as ones
that combine the follow ng conditions: sparge well diameter > 5 cm (2
inches), well pipe length < 30 m (100 ft.), and airflowrate < 0.4 n¥/mn (15
cfm. For smaller sparge well dianmeters, |onger well pipe |engths, and/or
hi gher airflow rates, frictional |losses will be nore significant. Simlar
| osses may al so occur in aboveground piping and should be anti ci pat ed.

c. Filter Pack Air-Entry Pressure. The third conponent of the
injection pressure is the air-entry pressure of the filter pack, if present
bet ween the well screen and the formation. This value tends to be quite

small, i.e., <10 cmHO (0.14 psi) for uniformsands (uniformty coefficient,
C, <2.5) comonly used as filter pack. This will be so even in cases where
the filter pack in a developed well is adequately preventing fines fromthe
formation fromentering the well. Therefore once there is sufficient applied

pressure to displace all the water within the sparge well down to the top of
the sparge screen, air readily enters the filter pack and displ aces water from
it. Buoyant forces are expected to cause the air to accunulate first at the
top of the filter pack
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TABLE 2-1

Pressure/Pressure Head Conversions

Units of Pressure

1 bar =10°N m?
= 0.987 atmospheres
=14.5 psi
= 10° dynes cm?
=100 kPa

Units of Pressure Head
and is equivalent to: 1020 cm column of water
75.01 cm column of Hg
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d. Formation Air-Entry Pressure. The fourth conmponent of the injection
pressure is the air-entry pressure of the formation, P,which is related using
capillary theory to the pore size of the largest pores adjacent to the filter
pack,

P, = 20/r = 40d/d [2-3]

wher e: P, is the air-entry pressure (gmcm?! sec?),
o is the surface tension (gmsec? of water in air, and
r is the radius and d the diameter (cm of the constrictions along
the | argest pores of entry.

Assumi ng that pores are cylindrical and the solid-liquid contact angle is
zero, Eq. [2-3] can be used to calculate the air-entry pressures of pores of
various size (Table 2-2). Air-entry pressures of formations range from
negligible for coarse-textured nedia such as coarse sands and gravels, to
values of > 1 mHO (1.4 psi) for nmediumtextured soils such as silts. Care
needs to be exerci sed when using Eq. [2-3] and/or Table 2-2 to predict air-
entry pressures in soils consisting of a variety of pore-sizes, because the

| argest pores may not necessarily be continuous throughout the soil matrix.
The inflection point, P of a Van Genuchten (1980) curve fitted to the soi
noi sture retention data (paragraph 3-3a(2)), which represents the predoni nant
pore size within the soil (Baker et al. 1996), is therefore the reconmended
paranmeter to enpl oy when estimating P,. Under dynam c conditions, an
initially-saturated soil undergoing air entry will first begin to be perneabl e
to air at this inflection point P, (Wite et al. 1972; Baker et al. 1996).
P is thus the effective air entry pressure that should be used for design
pur poses (Baker and MKay 1997).

e. Air Entry Process. Where a range of pore sizes is present in the
subsurface, which is al nost always the case even in seem ngly uniform sands,
silts, or clays, initial air entry naturally takes place via the |argest pores
avai l able. The largest pores are the paths of |east resistance. |If the
| argest network of pores is capable of conducting all the air that is injected
into the well, then the pressure will not rise above the air-entry pressure,
and smaller pores will remain liquid-filled. |If, however, the conbined
conductivity of the largest pores is insufficient to convey away fromthe wel
all the air that is being injected, the applied pressure will rise, exceeding
the air-entry pressures of the next smaller pore-size class. As the capillary
pressure of the soil rises (as it nmust with higher air saturations and | ower
wat er saturations), the air perneability also increases. (Capillary pressure
is defined in EM 1110-1-4001.) |If the airflow being conveyed into the wel
can now be acconmopdated, the air-filled porosity will not increase further
ot herwi se, the process of displacement of water fromsnaller pores wll
continue until a dynamic equilibriumis attained between applied pressure and
airflow (Baker et al. 1996).
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Representative Values of Air-Entry Pressure
Diameter of Largest Pore

Typical Soil Description m Air-Entry Pressure (psi) | Air-EntryPressure(kPa
Coarse sand, macroporeg >1000 <0.044 <0.3

Fine to med. sand 100 0.44 3.0

Silt 10 4.4 30

Silty clay <1 >44 >300
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f. Inplications. Unless the resulting air-flow channels are small,
cl ose together, and well-distributed, mass-transfer external to them of (a)
contam nants into the air-filled channels, and (b) oxygen in the reverse
direction for aerobic biodegradation, will both be |imted by agueous-phase
di ffusion (Johnson 1994; Mhr 1995). Mhr (1995) proposed a conceptual npdel
of the nass transfer across the air/water interface and the associ ated oxygen
and hydrocarbon concentration profiles (Figure 2-4), and concl uded that unless
air-filled channels are small and well-distributed, diffusion-limted transfer
will limt the effectiveness of IAS (Figure 2-5). The degree of soi
honpgeneity and isotropy are the nost inportant determinants of air channe
di stribution during IAS. Soils such as interbedded sands and silts or other
types of stratified deposits in which air perneability varies with direction
and/ or depth tend to sustain preferential airflow within the zones of higher
permeability, which may or may not coincide with |ocations or |ayers having
el evated contam nant concentrations. Uniformfine sandy or silty zones
general |y possess the nost isotropic air perneabilities, and consequently are
nost appropriate for IAS as they are capabl e of producing a uniform and
reasonably predictable ZO. Conversely, soils such as massive clays having
| ow val ues of air perneability are not amenable to | AS as excessively high air
entry pressures can lead to soil fracturing and a | ow nunber of preferentia
fl ow channel s conducting the entire air flow An exception may be clays that
are highly fractured. A recent APl project conpleted in clay till produced
significant mass renoval with IAS. The till was highly fractured and as a
result both NAPL and the | AS air flowed through the fractures (Johnson, R L.
Personal Communication, 1997). Research into the rel ationship between soi
type, applied pressure, and airflow distribution is ongoing.

2-7. Goundwater M xing.

a. Mxing Through Displ acenent.

(1) The introduction of air into a water-saturated formati on di spl aces
some of the water (Figure 2-6). The upward displacenent of the water grows
("the expansion phase") while air nakes its way to the water table surface,
creating a transient groundwater nound (Boersma et al. 1993). Researchers
usi ng geophysical visualization tools (Aconmb et al. 1995; Schima et al. 1996)
have observed a tendency in uniform sands for some portions of the initially
dewat ered zone to resaturate while stable airflow patterns beconme established
("onset of collapse"). Meanwhile the mound di ssipates radially outward
(Figure 2-7) until a stable water table condition presents itself (Lundegard
1995). Upon depressurization of the sparging, such as when the conpressor is

turned off, many of the air-filled channels will resaturate as the formation
rei mbi bes water, and the water table is seen to collapse tenmporarily. This
condition too is transient and will not result in significant groundwater fl ow

(Boersma et al. 1993; Lundegard 1994) (Figure 2-8). Turning the I AS system
alternately on and off ("pulsing") is a method of increasing air/water contact
and groundwater mi xing. Each displacenent of water represents nore vertica
(and horizontal) mxing than is normally seen in groundwater although the
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Expansion

Onset of Collapse

Steady State

Figure 2-6. Schematic representation of the behavioral stages occurring during
continuous air sparging. Black arrows indicate air flow; white arrows indicate
water flow. Mounding first develops during the transient expansion stage,
dissipates during the collapse stage, and is generally negligible at steady
state (Lundegard 1995).
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Figure 2-7. Schematic cross section representing progressive mounding behavior at three
times: (1) expansion; (2) onset of collapse; (3) approach to steady state (Lundegard 1995)
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magni t ude of the mxing effect appears to be relatively small (Johnson et al
1996). This is a significant issue for cleanup because nost subsurface
processes are intrinsically mxing-limted, i.e., they are not fully m xed and
thus are not well nodeled as fully m xed reactors, to use chem cal engineering
term nol ogy. The potential benefits of pulsing and associated m xing
phenonena are described el sewhere (e.g., Johnson 1994; Cl ayton et al. 1995).

It has been suggested that if the duration of the transient moundi ng period
can be neasured (i.e., by monitoring hydraulic head changes during I AS), this
peri od may provide an estinmate of the design duration and frequency of pul sing
to deliberately maxim ze m xi ng of groundwater (W sconsin DNR 1995). The
degree to which mixing extends away fromair-filled channels and thus hel ps
overconme diffusion linitations is a matter of current research and debate
(Johnson et al. 1996).

(2) Pulsed injection can be conducted by cycling injection on a single-
well I AS systemor by altering flowin adjacent injection wells in a field.
Pul sed injection is nost effective for nobile dissol ved phase contam nants due
to the induced mixing. It is uncertain whether pulsed injection is effective
for sorbed contam nants, or for residual (inmobile) NAPL which, being
immscible with water, is not readily mxed. It has been observed that
preferential flow channels tend to be re-established at the sane |ocations
during each pul se (Leeson et al. 1995). These re-appearing pathways may
represent those that consolidate after each expansi on phase. Information on
pul sed operation is provided in paragraph 6-6b

b. Convection Currents. It has been suggested that convection currents
may devel op during | AS which could cause groundwater to circul ate near the
sparge well (Wehrle 1990). Such currents would formif the |ow density of the
air stream causes the effective density of the fluid phase (air plus
groundwat er) near the well to be less than that of the groundwater at
di stances renoved fromthe well, which would be anticipated only if air noves
as discrete bubbles rather than in air-filled channels. Such currents would
provide a nechanismfor circulating water. These features may hel p nove
oxygenated water, but only if there is sufficient mass transfer fromthe vapor
phase to oxygenate the groundwater. Convection currents are not viewed as a
significant mechani smduring | AS, however, because the effective density of
water is not reduced except for the exceptional case of bubble flow (paragraph
2-5) (Wsconsin DNR 1993).

2-8. Associated Technical |Issues. Aside fromthe issues described above
which relate to conveying vapor through an aquifer, there are issues rel ated
to conveying the air to the injection points and fromthe vadose zone. At
sites having very shallow water tables, the difficulties of capturing the
vapors with SVE may result in fugitive rel eases of untreated VOCs. Care needs
to be taken in handling the exhaust air to insure that such rel eases are

m ni m zed. Although the equi pment used for IAS is alnpost entirely "off-the-
shel f", the design nust tie the individual itenms together into a systemthat
noves the air in a controlled fashion. The control systemrequires carefu
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consideration to neet this need. Also, the operational design can influence
the need for operating permts, and these pernmts can affect the tining and
schedule for a project. The types of pernmits that may be required are

di scussed in paragraph 8-2.

a. Zone of |nfluence.

(1) The area sufficiently affected by a sparge well or well field is a
primary design concern. Techniques applied to estimate the ZO incl ude
identifying the extent of neasurable differences in pressure, dissolved gas
concentrations, and air-filled channels within the saturated zone. Gas
conposition or pressure distribution in the unsaturated zone can al so be
i ndi cators of ZO (paragraph 4-3b(7)). |In this EM ZO is preferred over the
nore wi dely used "radius of influence" (RO) in recognition that the effects
of 1AS tend to be non-uniformw th respect to distance, depth and direction
relative to a sparge screen (Ahlfeld et al. 1994). A working definition of
the ZzO is the volume of the saturated zone over which air-filled channels are
relatively closely spaced, with air saturation >10% (C ayton 1996). The
effective ZO radial distance is likely to be no nore than 5 neters (or
approximately 15 feet). This saturated zone ZO may be substantially smaller
than that indicated by changes in pressure or gas conposition in the
unsat urated zone (paragraph 4-3b(7)) (Lundegard 1994). Oher potentially
erroneous indications of ZO also need to be discounted, such as evidence from
nmonitoring wells that are serving as a conduit for injected air and therefore
are subject to in-well aeration (paragraph 3-2b(2)), and evidence based on
nmoundi ng, that has been observed to extend far beyond |ocations of air
channel s (paragraph 4-3c(8)). |In sone cases, although a few air pathways may
extend >30 mfromthe IAS well, they may not be within the zone where
treatment is needed (i.e., the air nmay spread under confining |ayers.)

(2) Pulsed operation is designed so as to take advantage of the
recurrence of the expansi on phase (Figure 2-6), during which the ZzO is
somewhat | arger than during steady state | AS (McKay and Aconmb 1996). Pul sing
and cycling are discussed further in paragraph 6-6b

(3) Consideration should be given to the fact that not all hydrocarbons
contained within the ZO wll be renmoved at the sane rate. For exanple, at
i ncreasing distances fromthe sparge well, air flow velocities within a given
channel mnust decrease due to frictional |osses and acconpanyi ng pressure drop
in accordance with Darcy's Law or nodel s of pipe flow, depending upon the
scale. As a result, the rate of interphase mass transfer and hence
hydr ocarbon recovery is reduced.

b. Pronotion of Biodegradation
(1) In addition to I AS stripping VOC fromthe groundwater, air sparging

al so stinmul ates bi odegradati on of many volatile and seni-volatile
contam nants. Biodegradation will decrease or potentially elininate the
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amount of VOC which nust be captured and/or treated at the surface. \Wen
enhanced bi odegradation is the primary intent of the air sparging system then
this technique is termed biosparging.

(2) Dissolved oxygen is often the factor that linits biodegradation in
the saturated zone. I|AS is potentially a very cost-effective way to increase
di ssol ved oxygen (DO) levels in the desired zone. However, since the
solubility of oxygen fromair is rather |ow at normal groundwater tenperatures
(ranging from8 ppmat 25°C to 13 ppmat 5°C), the rate that oxygen can be
di ssol ved into groundwater is often slower than the rate that nicrobes consune
the oxygen. Thus it may be difficult to deliver adequate |evels of oxygen to
optim ze bi odegradation in contam nated regions.

(3) Despite this nmass transfer linitation, IAS is generally the nost
cost-effective nethod avail able to introduce oxygen into the saturated zone.
O her oxygen delivery nmechanisns include injection of Iiquid hydrogen
per oxi de; sparging with pure oxygen; and slow rel ease solid peroxide products
such as Oxygen Rel ease Conmpound (ORC). Per kil ogram of oxygen delivered, |AS
is typically orders of magnitude | ess expensive than other oxygen delivery
met hods.

(4) \When considering biosparging, it is inmportant to evaluate the
rel ati ve masses of: 1) oxygen that can be sparged and di ssolved into the
groundwat er, and 2) degradabl e hydrocarbons present in the saturated zone.
Estimating the mass of contam nant bel ow the smear zone (i.e., the mass of
di ssol ved contani nant and the mass of sorbed contaminant), the mass of oxygen
necessary for biodegradation can be calculated. Typically, approximtely 3
granms of oxygen are necessary to bi odegrade 1 gram of petrol eum hydrocarbon
Met hods for estimating the rate of oxygen dissolution during biosparging are
presented by Johnson (1994) and Mohr (1995). A conparison of the mass of
oxygen necessary for biodegradation and an estimate of the rate of oxygen
di ssolution into groundwater during biosparging should be included as part of
t he eval uation of biosparging. This mass conparison can al so be used to check
desi gn paraneters of a biosparging system (such as the nunmber of sparge points
and the anticipated period of system operation) as devel oped according to the
gui dance provided in Chapter 5.

(5) A possible negative effect of the growth of aerobic nicroorgani sms
is the potential for biofouling of IAS well screens and/or filter pack
material s near the sparge well. Although this does not generally appear to be
a mpjor problem it is discussed further in paragraph 6-4a.

(6) At sone sites, anaerobic dechlorination of chlorinated ethenes
(e.g., TCE) that occurs naturally in groundwater produces vinyl chloride (VC).
| AS can inhibit the production of VC by maintaining aerobic conditions and can
also strip the VC fromthe groundwater. Anaerobic dechlorination of
chlorinated ethenes and the conditions that affect this process is discussed
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at length in the U S. Air Force's protocol on natural attenuation of
chlorinated sol vents, described by Klecka et al. (1996).

2-9. Technol ogy Assessnent: FEffectiveness and Limtations.

a. Advantages of IAS. The primary advantages of |AS over alternate
renmedi al technol ogies include relative sinplicity and | ow cost. | AS equi prent
is readily available and easy to install with mniml disturbance to site
operations.

(1) 1AS components can be installed during site investigations by
conpl eting borings as sparge wells, SVE wells and/or nonitoring points.
Addi ti onal subsurface conponents can be installed cost-effectively via direct
push net hods, where the soil geology and required installation depth wll
permt their use.

(2) For certain contaminants, |AS can renedi ate through both aeration
and bi odegradati on.

(3) I1AS is conpatible with other renedial nmethods such as those
enpl oyed to treat vadose zone contam nation (e.g., SVE, and bioventing (BV)).

(4) 1AS can be enployed to effectively linmt off-site nmigration of
di ssol ved contam nants.

(5) Once inplenented, | AS systens require mnimal operational oversight
relative to SVE systens.

(6) For IAS systens not matched with SVE, waste streans are not
generated, and therefore do not need to be treated.

(7) The technology is judged by many practitioners as being a
potentially effective nmethod available for treating smear zone contani nation

b. Disadvantages of |IAS. Disadvantages to | AS over alternate renedi al
technol ogies are primarily related to site physical and/or chenica
characteristics which either preclude contam nant renoval or alter contam nant
nmobility to threaten potential receptors.

(1) Contam nants are not effectively renmoved by | AS when, due to | ow
Henry's Law constants or low volatilities, they are not anenable to air

stri pping.

(2) Sem -volatile contam nants with | ow aerobic biodegradability are
not effectively treated.

(3) Geologic conditions such as stratification, heterogeneity, and
ani sotropy will prevent uniformair flow and cause IAS to be ineffective. The
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deeper below the water table that |AS wells are installed, the nore likely
will stratification be encountered that will divert the airflow laterally.

(4) Free product (NAPL) at greater than residual saturations
constitutes a virtually inexhaustible source of VOCs that may cone only into
[imted contact with air. This is especially likely to be a concern relative
to DNAPLs; some LNAPL sites have reportedly responded well to |IAS.

(5) When a sparge curtain is used in an effort to contain a dissol ved
phase plunme (paragraph 2-2c), the resulting zone of reduced hydraulic
conductivity, can, if not managed, pernit the plume to bypass the | AS
treat ment zone.

(6) Potential exists for IAS to induce migration of contam nants, and
to generate fugitive enissions.

(7) Additionally, IAS has a linted areal coverage, and consequently a
significant nunber of injection wells are commonly required.

2-10. Technology Status. |AS has been inplenented over the past severa
years at thousands of |ocations to address a variety of contani nants.
However, | AS cannot currently be considered a mature renedi ati on technol ogy.
Current research into I AS has prinmarily focused on defining air and
groundwat er physical dynam cs. Contaninant fate and transport has been | ess
wel | researched, and questions remain about treatment duration and site
closure, particularly at |ocations where regulatory targets require that
sorbed contani nants nust be renoved.

2-11. Conditions Arenable to IAS. Primary considerations for sites anenabl e
to I AS include the site geol ogy and contam nant type and phase. Table 2-3
provi des a general summary of these considerations. Secondary considerations
i ncl ude adj acent receptors, whether currently threatened or potentially
threatened after installing IAS, and infrastructure concerns, such as power
availability, access, and proximty of active installations. It should be
noted that Henry's Law constants for various contami nants are specified for
steady state conditions between phases. These may be optim stic indicators
for actual |AS systenms, in which dissolved concentrations in groundwater
adjacent to air channels are not in equilibriumwth groundwater
concentrations distant fromair channels. Figure 2-9, |AS Inplenentation
Deci sion Tree, displays a generalized description of the process of evaluating
and i npl enenting | AS.

2-12. Success Criteria. In a broad sense, IAS is successful if its
application to a site results in regulatory "closure," i.e., no further
renmedi ati on work is required by the appropriate agency. Specifically, success
consi sts of:
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TABLE 2-3
Conditions Amenable to IAS
Parameter = @) +

Contaminant Type Weathered Fuels Diesel Fuel MOGAS
Lubricating Oils Jet Fuel AVGAS
Hydraulic Fluids Acetone Halogenated Solvents®
Dielectric Fluids Benzene
PCBs Toluene

Geology Silt and clay Weakly stratified Uniform coarse-
(interbedded) soils grained soils
Massive clay Sandy silt (gravels, sands)
Highly organic soils Gravelly silt Uniform silts
Fractured bedrock Highly fractured
Stratified soil clay
Confining layers

Contaminant Phase Free Product Sorbed Dissolved

Contaminant Location Within confined Within shallow Near water table
aquifer; near bottom of | aquifer
unconfined aquifer

Contaminant Extent Large plumes?® Modest-size Small plumes

plumes

Hydraulic Conductivity | <107® 10°to 10™ >10"

(cm/s)

Anisotropy High degree of Moderate degree df Isotropic

anisotropy

anisotropy

+ Well suited for IAS

- IAS likely to have limited effectiveness
o IAS likely to provide some benefit

11AS is generally applicable to halogenated ethenes, ethanes, and methanes.
2 Sparge curtains may be effective in management of migration within large plumes (paragraph 2-2c).
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Figure 2-9. 1AS implementation decision tree.
* A leaching assessment for evaluation of groundwater impact may be performed at this point.
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a. effective delivery of air or other gases into the desired zone;

b. distribution of the introduced gas through the saturated subsurface
at the design zZ4d;

c. achievenment of the design |oading of the vapor with VOC, and/or of
t he desi gn bi odegradation rate in the groundwater (which will vary dependi ng
upon concentration and dom nant phase of renmining contaninant);

d. effective capture and treatment of the sparged vapor in the vadose
zone near the water table;

e. attainment of the design hydrocarbon renoval rates fromthe
subsurface; and

f. renoval of contami nation to bel ow regulatory |evels.
Achi everrent of a negotiated, risk-based closure followi ng |IAS can al so be
consi dered a successful outcome even if cleanup standards have not been net
(paragraph 7-2). Oher success criteria include achievenent of the project
objectives within the allotted schedul e and budget.

2-13. | AS Model s.

a. Although there are an increasing anmbunt of operational data
avail able to evaluate the effectiveness of | AS systens, mathematical nodel s

may be useful in the design process. Information (i.e., site data acquired
fromlaboratory and field-scale pilot tests) would be used as input paraneters
in a given analytical or nunmerical nodel. Several attenpts have been nade to

generate mat hemati cal and conputer nodel s which describe the processes
associated with 1AS. Mst net with little success because little was known
about the actual rate of mass transfer that was occurring during air sparging,
and it was inpossible to validate nodel results when conpared to field data.

b. Prior to nodel devel opnent, a conceptual nodel nust first be
proposed. Early nodelers assunmed the injected air noved as isolated, random
bubbles. Wth the recognition that injected air actually noves through
di screte, continuous, air-filled channels separated by regions of conplete
wat er saturation, |AS nodels incorporating multiphase fl ow have been
devel oped.

c. A nunber of investigators have advanced the principles associated
with these conceptual nodels and have devel oped mat hemati cal nodel s to assi st
in the design of air sparging systens. Several noteworthy | AS nodel s have
been devel oped and are presented in the literature. Five are cited bel ow

(1) Norris and WIlson (1996) present the results of a sparging and
bi ospar gi ng nodel based on air channeling, and air channeling and VOC G
transport driven by dispersion, respectively.

2-26



EM 1110- 1- 4005
15 Sep 97

(2) Mhr (1995) presents an analytical solution for estimating the rate
of bi odegradati on associated with air sparging.

(3) Rutherford et al. (1996) present the results of a one-dinensiona
finite difference nodel based on the equations for a cross-flow bubble col um,
whi ch was used to calculate a |lunped value of liquid mass transfer coefficient
and interfacial surface area.

(4) The Seattle District, USACE has used a nunerical nodel called
POREFLOW to simulate air sparging. A public domain version of the nopdel,
POREFLO 3° i s avail able (Runchal and Sagar 1989); however, the distributor has
upgraded a proprietary version of the nodel (ACRI 1996). POREFLOA runs on
nost any platform the PC code is less than 1My in size, but requires at |east
10 Mo to operate the pre- and post-processor. POREFLON is a three-

di mensional finite difference nodel which accounts for |osses due to decay,

solute transport and partitioning. It is capable of sinmulating conpressible
fluids (e.g., air) and heat transport. Input paranmeters include the
fol | owi ng:

(a) porous nmedia properties (e.g., hydraulic conductivity, permeability
versus saturation rel ationships, pressure-saturation relationships, storage
val ues, and density)

(b) fluid properties (mass, density, viscosity as a function of
pressure and nol e wei ght of gases)

(5) TETRAD (DYAD 88 Software, Inc.) is a finite difference sinmulator,
originally devel oped for the study of nultiphase fluid flow and heat fl ow
probl enms associated with petrol eum and geot hermal resource eval uation
(Lundegard and Andersen 1996). Lundegard and Andersen (1996) nodified the code
for I AS applications to account for a air-soil, constant pressure, surface
boundary condition. TETRAD is capable of sinulating three-dinensional
mul ti phase flow in conpl ex, heterogeneous, anistropic systems. Vinsone and
Shook (1993) describe the structure and solution nethods for TETRAD.

d. Alimtation associated with | AS nodels is that the heterogeneities
that control airflow paths are on a scale nmuch finer than the available site
characterization data. The processes that | AS nodel s nust incorporate include
mul ti phase flow, buoyancy and capillary forces acting on air, and soi
variability on a small and | arge scal e (perhaps by stochastic nethods).
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